In preparation of a laser ion source, we have investigated multi-step laser ionization via Rydberg and autoionizing states for atomic Ni and Ge using a mass separator with an ion beam energy of 20 keV. For both elements resonant three-step excitation schemes suitable for modern Ti:sapphire laser systems were developed. Rydberg series in the range of principal quantum numbers 20 n 80 were localized, assigned and quantum numbers were allocated to the individual resonances. Ionization potentials (IP) were extracted from fits of the individual series and quantum defects of individual levels were analysed for confirmation of series assignment. For Ni the ionization potential could be extracted with significantly increased precision compared to literature with a value of E IP (Ni) = 61 619.77 (14) cm −1 . Also, at least one notable autoionizing state above the first IP was discovered for both elements, and the different ionization schemes via Rydberg or autoionizing states were compared with respect to line shape, ionization efficiency and selectivity.
Introduction
Laser-based resonance ionization spectroscopy (RIS) of atomic species, usually combined with ion mass selection (RIMS), is widely developed today and serves well as an efficient and highly selective ionization tool. RIMS is particularly useful in those cases where mass separation of an elemental or isotopic species from an initial sample is insufficient, e.g. due to strong isobaric contaminations, and additional selection is desirable. In the RIMS approach, neutral atoms (or molecules, which we shall not address further here) are usually ionized by a stepwise resonant multi-photon absorption process, accelerated in a static electric field, and afterwards undergo conventional mass separation. This combination results in an ion beam of the highest isobaric and isotopic purities that can be used in further experimental investigations. Typical applications include laser isotope enrichment, analytical ultra-trace isotope analysis and online preparation of purified exotic radioactive species, produced in dedicated nuclear reactions.
About 20 years after the first proposal [1] and demonstration [2] , resonance ionization laser ion sources (RILIS) have now become the most commonly applied ionization technique at the major online radioactive ion beam facilities, e.g. ISOLDE (CERN/Geneva) [3] [4] [5] . Due to its high efficiency and selectivity, RILIS is in use for more than 50% of the experimental program at ISOLDE and its overall operation period [6] . The basic prerequisite for successful use of RILIS for a desired element is the precise knowledge of the major parameters of an appropriate resonant multi-step ionization scheme. To ensure high ionization probability, the excitation steps must involve strong resonance transitions. Thus optical transition strengths and easy accessibility of individual transition wavelengths for each individual optical excitation step are of major concern and must be verified for the lasers in use. Therefore detailed spectroscopic studies are needed for each element of interest prior to any RIS application [7] .
In particular, the final ionizing step is of crucial importance for both the efficiency and selectivity of the process because the optical absorption cross section is generally much lower for bound-free transitions than for dipole-allowed transitions between bound atomic levels. Thus, especially for direct non-resonant ionization into the continuum, relatively high laser power is required, that is also likely to decrease isotopic selectivity because of non-resonant processes. A preferable alternative that increases selectivity is to employ a final resonant step (i.e. excitation into a high-lying Rydberg state), which can be efficiently ionized via atomic collisions, blackbody radiation or electric fields. Optical pumping into an autoionizing state located above the ionization limit in the continuum is even more desirable. These resonant excitation processes significantly increase the ionization efficiency and reduce the laser power needed for saturation of the transition, but on the other hand significantly increase the complexity of the technique. Specifically, an additional powerful, tuneable laser is needed and a proper choice of a possible electric field in the atom-laser interaction region must be made, avoiding resonance line disturbances but enabling field ionization if required. A spectroscopic investigation of high-lying levels and/or the continuum structure of the element of interest is required. Such investigations for Ni and Ge are the topic of this paper.
While the aforementioned ISOLDE RILIS is based on dye lasers pumped by a powerful copper vapour laser, the use of high-repetition-rate Ti:sapphire laser systems has been successfully demonstrated in offline RILIS tests in recent years [8, 9] . The latter are now accepted as reasonable alternatives to the more widely used but maintenance intensive dyelaser systems. Both the Canadian online facility ISAC at TRIUMF [10] , as well as the Finnish online facility JYFL/IGISOL at Jyväskylä [11] installed such laser systems for their RILIS activities very recently. These all-solid-state lasers provide radiation within a somewhat limited infrared-to-red wavelength region between about 700 and 950 nm, but this range is significantly extended by the generation of higher harmonics, namely in the ranges of 360-470 nm (second harmonic), 240-310 nm (third harmonic) and 200-230 nm (fourth harmonic), using nonlinear crystals. To establish the full range of applicability of the Ti:sapphire laser systems for RIMS investigations, extensive spectroscopic investigations on numerous elements are presently being carried out. These concern development and characterization of appropriate excitation schemes, analysis of level structures and completion of atomic level schemes for highly excited states around the ionization limit.
The work on Ni and Ge reported here was motivated by a proposed next-generation online rare isotope facility. In response, the development of a state-of-the-art RILIS system, exclusively using Ti:sapphire lasers, for the preparation of ultra-pure and high intensity beams of short-lived exotic species was initiated. This activity was carried out at the Holifield Radioactive Ion Beam Facility (HRIBF) at Oak Ridge National Laboratory (ORNL) in the USA. Fundamental studies for our RILIS layout and operation were performed at the Ion Source Test Facility (ISTF-2) at ORNL using the Mainz University Ti:sapphire laser system. RILIS investigations on stable isotopes of the elements Ni, Ga, Ge and Sn were performed in preparation of future applications to short-lived radioisotopes of these elements, which are of high interest to nuclear and/or astrophysical investigations. For example, the doubly magic nuclei 100 Sn and 78 Ni are of special importance for the understanding of nuclear structure [12] , while 84 Ge isotopes serve to verify theoretical predictions about the r-process path of nucleosynthesis [13] . The nuclear level structure of the 0 + → 0 + beta-emitter 62 Ga was investigated recently at ISAC/TRIUMF as the first application of their Ti:sapphire RILIS to analyse the V ud -element part of the CKM-matrix [14, 15] motivating further RILIS applications and investigations.
Results from the ORNL RILIS preparatory studies, which focus on ion source design and development, have been given elsewhere [9] . They include efficiency measurements for the resonant excitation process as well as saturation curves of the optical transitions used. In this paper we present detailed analysis of spectroscopic aspects of the Ti:sapphire laser RIMS measurements, obtained in the resonant ionization of the elements Ni and Ge. Here extensive investigations of Rydberg series were carried out, ionization potentials and quantum defects were extracted, and comparison to autoionization was made.
Experimental setup

Laser setup
The laser setup consists of three dedicated, pulsed Ti:sapphire lasers developed and built at the University of Mainz, which provide powerful tuneable laser light at a high repetition rate and well-adapted spectral profiles for optical spectroscopy in hot vapour or gas cells. A detailed description of the system is given in [16] [17] [18] . At ORNL, the three Ti:sapphire lasers are jointly pumped by a single commercial high-repetition-rate (10 kHz) Nd:YAG laser that provides 60 W of pump power at 532 nm. A Pockels cell is installed in each Ti:sapphire laser cavity to serve as a Q-switch and ensure proper temporal synchronization of individual Ti:sapphire laser pulses with a precision of about 5 ns. Wavelength selection is provided by a Lyot filter and an etalon in each laser that is controlled remotely via actuators. The laser frequencies are measured and read out by a commercial wavemeter. The spectral and temporal behaviour for the three lasers is controlled by a personal computer (PC). Spectral line widths of about 5 GHz and pulse durations of about 50 ns are typical. The small size of the lasers (∼30 × 40 cm) makes the laser system very portable.
For universal RILIS use, the fundamental Ti:sapphire laser wavelength range must be extended by generation of higher harmonics of the laser frequency. A corresponding unit for frequency doubling, tripling and quadrupling was set up at and provided by Mainz University. The second harmonic is generated in a simple single-pass arrangement using a nonlinear BBO crystal. Fundamental and second harmonic frequencies can be mixed afterwards in a second BBO crystal for efficient generation of the third harmonic. Alternatively, the second harmonic can be doubled again for frequency quadrupling. Typical output powers achieved are ∼2 W Figure 1 . Sketch of the ISTF-2 ion source test facility and mass separator used for the present RIS/RILIS measurements.
in the fundamental, ∼200 mW in the doubled and about 40 mW both in the frequency tripled and quadrupled range.
Telescopes are used for laser beam transport and focusing over the distance of about 4 m towards the ISTF-2 ion source, while spatial overlapping of the individual lasers beams is done using polarizing beam splitters and dichroic mirrors. The laser beams enter the vacuum chamber of the mass separator through a window installed in line with the ion source-ionizer axis using a view port located behind the separator magnet. The (inaccessible) laser beam path from the window to the atomic vapour source inside the vacuum is about 4 m. With the telescopes, all laser beams are focussed down to a beam diameter of typically ∼3 mm to match the size of the transfer tube and ionizer funnel of the actual RILIS construction.
Ion source test facility
A schematic illustration of the ISTF-2 ion source and mass separator at ORNL, including the Mainz laser system, is shown in figure 1 . The neutral atom and ion source assembly are mounted on a high-voltage platform that is typically operated at a potential of 20 kV. The extracted ion beam is directed towards a 90
• sector dipole magnet for mass separation (radius ∼0.61 m). The separated ion beam travels another 2 m in vacuum before reaching various ion beam diagnostics. The overall ion beam path has a length of about 6 m.
Various ion sources are installed and operated at ISTF-2 for test and optimization. For this RILIS development, a standard high-temperature surface ionization ion source equipped with a target material reservoir (furnace) was adapted for optimum neutral atom production. The species of interest is introduced into the heated furnace in a solid form and evaporated at temperatures around 1000
• C. The atomic vapour effuses into an independently heated transfer tube and ionizer assembly, both made of tantalum. The latter is operated at a temperature that is a trade-off between acceptably low-surface ionization yield and reasonably short wall residence time for the vapour, thus acting predominantly as a heated atomizer instead of an ionizer. The dimensions of the transfer tube are 8.5 mm inner diameter and ∼100 mm length, while the ionizer tube is 30 mm long and 3 mm in diameter. A technical drawing of this source and details of its operation and performance are given in [9] . After ion creation, dominantly inside the tubular ionizer, either by surface or laser ionization, the ions are pushed forward towards the extraction hole by the small gradient of the electric potential resulting from the direct current heating of the transfer tube and ionizer. When exiting into the high-voltage section, the ions are accelerated to an energy of 20 keV by a spatially adjustable extractor electrode at ground potential. The optimized extraction geometry, Einzel lens and electrostatic steering together produce a well-collimated, well-centred ion beam for mass dispersion in the sector Figure 2 . Scheme used for three-step resonance excitation into odd-parity high-lying Rydberg states or autoionizing states of Ni. For high-lying levels the J 1 K coupling notation from [20] has been adopted.
field magnet. The latter is operated with a moderate resolving power of = m/ m ≈ 200 that ensures a high transmission of around 90%. Faraday cups, a channeltron detector as well as an emittance metre installed along the beam line, are used for ion beam diagnostics. The measurements presented here use only a simple Faraday cup installed after the magnet for mass-selective ion current measurement by a commercial electrometer with sensitivity in the low pA range. The output signal is monitored and saved by a data acquisition PC equipped with a 16-bit ADC card.
Results
Spectroscopy of the Rydberg series in nickel
Three-step resonance excitation and ionization of Ni via a Rydberg state was demonstrated earlier by Ishikawa using dye lasers [19] . For the Ti:sapphire laser system used here, an alternative excitation scheme had to be established which is shown in figure 2 . The level assignments were taken from the NIST tables [20] . The first excitation step, in the ultraviolet spectral range around 276 nm, starts either from the low-lying J = 3 (204.787 cm −1 ) or J = 2 (879.816 cm −1 ) fine structure sublevels of the 3d 9 ( 2 D) 4s 3 D J multiplet. At a typical ionizer temperature of 1700
• C these sublevels have populations of ∼27% and ∼12% respectively. A transition at 786.59 nm was used in the second excitation step. For the third step, we investigated different ionization pathways that involve the population of either high-lying Rydberg levels or autoionizing levels, located slightly above the first ionization potential (IP). The highest ionization rate was obtained at a wavelength of 822.0 nm leading to a Rydberg state with a principal quantum number of n = 30, as discussed in detail below. Therefore, this transition was used to investigate the line shapes of the lower two excited levels in this excitation scheme. All investigations were performed using the most abundant even isotope 58 Ni to increase the signal strength and avoid effects from the hyperfine structure or hyperfineinduced-level mixing occurring for odd-A isotopes.
Frequency scans of the two alternative first excitation steps are shown in figure 3 . Photoion currents measured versus wavenumbers are plotted on a logarithmic scale with the second and third steps fixed on resonance. Voigt profile fits to the measurements are displayed in the figure. Despite more than three times higher transition strength (5.768 × 10 6 Hz) for the 279.95 nm line (J = 2 → J = 2) than that (1.649 × 10 6 Hz) of the 274.76 nm line (J = 3 → J = 2) [21] , the photoion current observed for the (J = 2 → J = 2) transition was about ten times smaller. This must be related to different experimental conditions and cannot be explained by just considering the population difference in the J = 2 state. Although the available laser power of about 40 mW was insufficient for full saturation and thus only a minor contribution from power broadening was expected, broadened line widths of 16(1) GHz full width at half maximum (FWHM) and 14(1) GHz FWHM, respectively, were observed for these two first-step transitions. Figure 4 shows a frequency scan of the second excitation step at 786.59 nm. Due to the high laser power (∼1 W) available here, this step is fully saturated, resulting also in a broad resonance structure similar to that in the first excitation step with a width of 18(1) GHz FWHM. The total line width of both the first and the second steps can be explained by a composition of the Doppler broadening (∼1-5 GHz), the laser line width (∼5 GHz) and additional power broadening with a saturation parameter S 0 not too far from 1.
The former two contributions are typically described by a Gaussian line shape. To model the line shape of the saturated profile a fit of the following form has proven to be most suitable for the experimental geometry considered here:
Here y 0 denotes the offset and A 0 is the amplitude of the fit. The experimental line shape of the transition S(ν) is dominated by laser width and Doppler broadening and thus has been approximated by the Gaussian function
Note that for S 0 1 the functional dependence y(ν) indeed converges towards a standard Gaussian. The fitting routine in all cases yielded saturation parameters S 0 in the range of 0.5-0.8, which does not yet indicate a high level of saturation and should be improved in the future.
Ionization of the different members of the Ni Rydberg series was recorded by scanning the third excitation step in the frequency range of 11 950-12 290 cm −1 . This produces a total excitation energy slightly above 61 264 cm −1 , which is only 0.03 eV below the ionization limit of Ni tabulated at 7.6398 eV = 61 619 cm −1 [22] . These states were then efficiently ionized inside or during the exit of the hot 'ionizer' tube. The dominant ionization mechanism cannot be identified easily. Separation of contributions from black-body radiation or collisions inside the 1700
• C hot ionizer tube as well as field ionization in the ion source-extractor region is somewhat possible. The absence of significant contributions of the latter will be discussed below. Discrimination of contributions from black-body radiation induced or collisional ionization of the high-lying states would require, e.g., a well-controlled pressure variation inside the ionizer funnel, which could not be accomplished during these measurements. Nevertheless, the signal strengths for ionization through Rydberg levels or an autoionizing level are not significantly different, which suggest that at least a major part of the Rydberg ionization must occur inside the ionizer funnel, e.g. by black-body photon impact. The assumption of a strong contribution of black-body radiation is also supported by comparing the thermal energy of about 0.25 eV at 1700
• C to the energy gap between level position and ionization limit.
An overview of the measured Rydberg resonances, which are observed for total excitation energy between 61 260 and 61 599 cm −1 (i.e., states located between ∼360 cm −1
and ∼20 cm −1 below the IP), is given in figure 5 . The total excitation energy, indicated on top of both spectra, was obtained by adding the known excitation energy of the second excited state (49 313.814 cm −1 ) to the measured wavenumber of the third laser. Due to experimental limitations, the measurements were interrupted in two ranges between 61 490 cm −1 < E Ryd < 61 497 cm −1 and 61 548 cm −1 < E Ryd < 61 574 cm −1 resulting in a few Rydberg levels not detected. Two levels located at 61 566 cm −1 and 61 568 cm −1 were measured on a different day with higher laser power and therefore have been rescaled, which also slightly affect their background level in the graph. An enlargement of the energy range 61 574 cm −1 < E Ryd < 61 599 cm −1 is shown in figure 6 , demonstrating the high resolution of each individual peak even for these highly excited levels.
A first tentative assignment of the quantum numbers n was done in accordance with the earlier spectroscopic work of Ishikawa [19] , where excitation into the Rydberg levels n = 17-32 was reported starting from the same second excited state as reported here. Unfortunately, due to low resolution and apparently no proper wavelength calibration in that earlier study, the published data therein are only given in a somewhat qualitative figure. As no quantitative analysis of level positions or series assignment was attempted there, only a qualitative calibration of the quantum numbers of n = 18-30 with a precision in the level positions of about 3 cm −1 could be obtained. Thus, an independent verification of this n assignment was attempted by linking our measured data to known lower lying levels, i.e. the series heads, from literature through a Rydberg fit. This extrapolation provides semi-empirical theoretical level positions for all observed states up to n = 72, and the extension of the series towards higher states allows determination of the ionization potential with high accuracy.
For a proper assignment of the individual series the following approach was used, again using the J 1 K coupling according to [20] . Starting with the excitation from the even parity level 3d 9 • 3,4 series. Alternatively, the rearrangement of the core to 3d 8 4s, which is commonly observed in the Ni spectrum, might lead to a variety of additional accessible terms of odd parity with J = 2, 3 or 4. Nevertheless, we expect from comparison to other atomic systems that this rearrangement will significantly reduce the transition probability and that at least all strong levels observed here belong to one of the three series involving 3d 9 • 3,4 series, the lowest levels with J = 3 and 4, respectively, are very close to energy for each individual n level n = 4, 5 and 6. For both p-and f-series no more levels have been identified so far.
The fit of level positions used a Rydberg formula of type
where the reduced-mass Rydberg constant is given by
and δ(n) is the quantum defect. Here, m and M are the electron and nuclear masses, respectively. δ(n) is approximated in second order in 1/(n − A) using the well-established Ritz expansion [23, 24] 
where A is a constant offset and B is the n-dependent slope in the form of an inverse parabola. Both terms account for the shielding of the Coulomb potential of the nucleus by the core electrons. Note that δ(n) is determined by an appropriate choice of n modulo 1. Thus proper assignment of the absolute value of n is only obtained from additional information, i.e. from the known series head positions. An additional additive term to equation (3) could be used to account for the Stark effect caused by the electrostatic extraction field of the mass separator. As discussed in detail, e.g., by Fabre and Haroche [26] , this takes the form
where c S is a constant. While this electric field term could have large influence on the IP position, significantly shifting it to lower values, its contribution to individual level positions, especially well below n = 72, is much smaller. The electric field strength at the location of ionization in our experiment is neither constant nor precisely known, and a considerable contribution from the strong acceleration field of the mass separator of up to ∼1 kV cm −1 was suspected. Thus this additional Stark term was tentatively considered in corresponding fits to the data with c s being treated as a free parameter. The resulting change in the fitted energy positions as well as the resulting IP determined via Rydberg convergence amounted in no case to more than (E IP ) Rydberg ≈ 0.01 cm −1 . This is more than one order of magnitude smaller than the experimental precision of our measurements. This negative finding of a sizeable field shift was backed up by an analysis of the ion pulse shape and according simulation calculations, which will be published in a forthcoming article. Considerable field ionization in the extraction field would result in a significant, short prepeak in the photoion pulse structure, as has been observed, e.g., by Lettry et al in time-resolved analysis of laser ionization in the ISOLDE RILIS [27] . Contributing less than 1% to the overall photoion current, this temporal prepeak had no importance in our measurement. From the data, we could conclude that in our experiment ionization is almost exclusively taking place inside the extended transfer tube-ionizer assembly where the residual electric field is well below 1 V cm −1 . The ions then travel into the extraction electric field. Thus, ionization via field-induced tunnelling or any other sizeable perturbation of the atomic energy levels or polarization of the atom by Stark effect has been excluded for our experimental conditions. For preparation of the Rydberg analysis, each resonance peak observed in the third excitation step scans was fitted individually. As this third step was not fully saturated, a Lorentzian line shape was used as a sufficiently good representation simplifying the numerical expense. The individual energy positions were fitted afterwards jointly using equation (3) with the ionization potential E IP and both quantities A and B of the quantum defect (equation (5)) as free fit parameters. A χ 2 value of 1.17 was obtained, which confirms the correctness of level positions determined as well as error size. Absolute energetic positions of the Rydberg levels were calculated by adding the energy of the second excited state of 49 313.814 cm −1 . Results for excitation wavenumbers and total energy are shown in figure 7 together with the Rydberg fit curve (3) versus the tentatively assigned principal quantum number n. Experimental errors as well as the fit errors are well below the size of the data points, and thus residuals are given at the bottom of the graph in a strongly enhanced scale. For a detailed discussion of errors we refer to the following section.
For an attempt of a conclusive assignment of the measured levels to either the p-or the f-series, the two possible series heads and the lowest members as given in table 1 were inserted into our analysis and quantum defects were analysed in corresponding fits. In general, the development of the quantum defect δ(n) is well investigated and understood for numerous series and in various spectra, as discussed e.g. in detail in [23] for the clear spectrum of neutral caesium.
Quantum defects extracted from our data and three different fits to the data are given in figure 8 . There the data are given as a function of n * = n − δ(n), to enable presentation of both series in the same diagram. Note the different vertical scaling for the f and p-series quantum defect, given on the left-hand side and right-hand side axes of the graph, respectively. The figure clearly shows through the large-error bars that extraction of δ(n) values from energetic positions of individual levels is very sensitive to the experimental precision. This is particularly true for the higher n states, where the 1/n 2 dependence in equation (5) rapidly increases the uncertainty in the δ(n) values calculated from the experimental level positions. The experimental data thus are most meaningful for the mid-range quantum numbers n = 18-30, for which an enlarged view is given in the inlay. Both diagrams show three different fits. The grey dotted line marks the fit used for the extraction of the quantum defect δ(n) considering only the experimental data. This leads to the fit parameters A = 0.012(2) and a negative value of B = -2.4(6), corresponding to a weakly increasing trend of δ(n) with n. An additional fit to the experimental data including the f-series head and lowest states from the literature is represented by the black solid line, while the experimental data including the p-series head and one additional level are fitted by the black dashed line. The quantum defect of the f-series is basically constant around δ(n) = 0, represented by the almost vanishing fit parameters A = 0.006(1) and B = −0.006(9), again being slightly negative. As expected, the p series shows a well-pronounced effect of shielding for low n, which leads to fit parameters of A = 2.001(6) and a large and significantly positive B = 2.20 (2)). Thus the trend observed in the experimental data towards increasing δ(n) contradicts the p-series development, while the f-series fit shows quite acceptable agreement in trend and size. The inlay expresses this fact clearly. Furthermore, this assignment confirms the choice of the principal quantum numbers n in accordance with Ishikawa [19] . Thus we conclude that the Rydberg levels discussed here most likely can be identified as members of the degenerate 3d 9 series, and we have adopted the principal quantum numbers accordingly. In the present work, we thus have newly and precisely determined the energy positions of 38 of these Rydberg levels in the range of n = 18-72 with only a few missing candidates in the range of n = 30-37, n = 40-44 and n = 47, 48 and n = 66. Energetic positions of all levels are given as a function of the quantum number in table 2. The experimental error is dominated by the precision in the calculation of the total energy, given as the sum of the three individual excitation steps. We compared the energetic positions extracted from the measured data for the first two excitation steps to the literature values of the first and second excited states of 36 600.791 cm −1 and 49 313.814 cm −1 , respectively, from [20] . In all measurements a precision and correctness of better than 0.1 cm −1 is found for each step. This value even corresponds to a conservative estimation of the fit precision of about 10% of the peak FWHM in figures 3 and 4, which we assumed to account for the occasionally limited statistics. The uncertainty in the calibration of the third step wavenumbers is again determined by the accuracy of the wavemeter. This has again been estimated conservatively to amount to 0.1 cm −1 , including the much smaller uncertainties from the fit of each resonance, which in all cases are well below 0.01 cm −1 . Summing these error contributions leads to an overall uncertainty of 0.14 cm −1 for the total energy of each Rydberg level. As discussed below, this value must also be considered for the resulting ionization potential from the fitting procedure.
Determination of the ionization potential of nickel
The Rydberg series 3d
• 4 discussed so far, both converge towards the same, lowest series limit. Thus the fit to the Rydberg-Ritz formula yields a rather precise value for the first ionization potential of Ni. For this determination, careful consideration of experimental errors is also necessary. Errors arise in the precision of individual peak positions of Rydberg states extracted from the Voigt fits as discussed above as well as in the fitting routine of the Rydberg-Ritz formula. In addition, a possible slight detuning of the first two optical excitation steps from resonance during the measurement could lead to a shift in the third step excitation wavenumbers and thus must be taken into account. To ensure highest precision, and to disentangle these individual error contributions, the fit of the series limit of the third excitation step was carried out by directly using the experimental values and errors of the third step excitation. This fit results in a value of E 3rd step (n → ∞) = 12 305.96(2) cm −1 for the series limit for excitation from the second excited state, only considering error contributions from the width of the individual resonances and from the fitting routine but disregarding any systematic error in the wavelength. The ionization potential is finally determined by adding the known level energy of the second excited state of 49 313.814 cm −1 . Again, both additional calibration errors concerning the excitation of the first two steps and the correctness of the third step wavenumber must be considered, corresponding to a quadratically summed error of 0.14 cm −1 for the precision of an absolute value of the ionization potential by this experiment. We obtain E IP (Ni) = 61 619.77 (14) cm −1 , which is about a factor of 7 more precise than, but in good agreement with, the earlier value of E IP = 61 619.1(10) cm −1 , determined by Page and Gudemann [22] . 
Comparison of ionization via Rydberg and autoionizing states
Besides excitation of high-lying Rydberg levels, we searched for autoionizing levels in the vicinity of the ionization limit to optimize the ionization yield. Notwithstanding the complex spectrum of Ni, we found only one weak indication for an autoionizing state of odd parity in the spectral region investigated up to more than 500 cm −1 above the ionization limit. This potential autoionizing resonance at 62 217.31 (14) cm −1 is shown in figure 9 (a); it exhibits a low-resonance enhancement of only about a factor of 2. Quite unexpectedly, also a rather narrow bandwidth of only 8(2) GHz, corresponding to a width typically observed for a bound state resonance, was found. Thus we suspected that this resonance could possibly be ascribed to an alternative excitation scheme in the second excitation step and corresponding ionization enhancement. Nevertheless, such a level, which could provide proof of this assumption, has not been identified previously in literature [20] . For a comparison of the ionization enhancement using this resonance to the values obtained through Rydberg excitations, the n = 45 and 46 Rydberg levels are shown in figure 9(b) . The spectra were measured under essentially identical experimental conditions with respect to ionizer temperature, atomic vapour density at the location of ionization, laser intensities and mass separator transmission.
These Rydberg states are about a factor of 2 weaker than the strongest ones observed around n ≈ 27. Showing a rather similar line width, they exhibit resonance enhancements of about a factor of 15 with a slightly lower background. Thus ionization of Ni via the autoionizing level in our experiment is at least a factor of ∼10 less efficient than by Rydberg ionization. The autoionizing level might nevertheless be of importance for experimental conditions, where ionization of the Rydberg levels is not possible. This consideration applies, for example, when laser excitation/ionization is taking place inside a cold surrounding, i.e. an ion trap structure used for cooling and bunching in the laser ion source trap approach LIST [28] .
Spectroscopy of the Rydberg series in germanium
Spectroscopic investigations similar to those for nickel were also carried out on germanium, using the most abundant isotope 74 Ge. The three-step excitation scheme used there is sketched in figure 10 . This scheme, starting in the J = 2 level of the 4s 2 4p
2 3 P 0,1,2 ground state configuration, leads to a spectrum that is much simpler than that of Ni. In addition, odd-parity Rydberg series has been extensively studied earlier, resulting in the knowledge of the 4s 2 4p ns, nd and ng states for principal quantum numbers up to n s → 43, n d → 70 and n g → 15, and a very precise literature value for the first ionization potential Ge II ( Figure 10 . Scheme used for three-step resonance excitation of Ge. Figure 11 . Scan of the first and second excitation step in Ge. figure 11 , again plotted using a logarithmic scale and fitted with a Voigt profile. Line widths of about 15 GHz were obtained again governed by the Gaussian contribution.
The third laser step was scanned over a 170 cm −1 spectral range with only minor gaps during a search for Rydberg states and an efficient ionization scheme. Altogether 40 strong Rydberg states were measured and most of them could easily be identified by comparison with the literature [20] . Starting from the second excited 4s 2 4p 5p 1 S 0 level, seven members of the Rydberg series 4s 2 4p ns (1/2, 1/2) 1 • for n = 32-35 and n = 47-49 and 33 members of 4s
• in the range of n = 26-78 were recorded. For both series, the principal quantum number n of each resonance could easily be assigned using identifications in the literature. Figure 12 shows the measured and assigned spectrum for the region around 63 580-63 610 cm −1 , where members of the s-and d-series are well resolved. The variation in the line intensities is ascribed to strong-level mixing in this n-region.
A plot of spectra taken close to the ionization potential is given in figure 13 , again showing the third step excitation wavenumber at the lower and the total energy at the upper horizontal axes. Two large gaps in the measurements result from experimental limitations in the laser data and the literature values with statistically distributed discrepancies of about 0.1 cm −1 well within the size of our experimental errors. Thus any systematic deviation of our wavelength calibration could be excluded and the proper estimation of the error size was confirmed independently.
The Rydberg fit according to (3) and (5) to the seven members of the 4s 2 4p ns (1/2, 1/2)
Rydberg series, including the three novel ones of n = 47-49, yields an ionization potential for Ge of 63 713.30(14) cm −1 with slightly lower precision but in full agreement with the literature value of 63 713.24(10) cm −1 [20] . The precision of the fit is demonstrated by the small residuals as given in figure 14(a) . In contrast, a similar fit to the 33 members of the 4s not lead to satisfying results. It delivers a value of the ionization potential for the d-series equal to 63 712.77(14) cm −1 , which is slightly but significantly below the expectation. The value is achieved with unrealistic parameters of A = 1.34 but B = -260 in equation (5) . Also the residuals show an unexplained systematic trend and an unexpected large size with deviations up to 0.8 cm −1 , well above the experimental error, especially in the region of n around 47. This discrepancy is by far exceeding the precision in the reproduction of the literature values for the series members with n < 67. Thus the d-series generally excludes the application of the Rydberg formula in its simple form of equations (3) and (5), which is ascribed to the occurrence of strong-level mixing but not further studied in this work. Nevertheless, in both cases of the s-and d-series the expected general trend of the quantum defect is verified at least qualitatively: for the s-series the quantum defect decreases with increasing n due to the decreasing penetration of the electronic core by the valence electron, while for the d-series, a weak increase of its quantum defect represents the positive trend of polarization of the core by the valence electron for larger n.
Finally, the third laser excitation was again scanned across and above the ionization potential to search for autoionizing resonances. A particularly strong resonance was identified at 12 816.62(2) cm −1 , corresponding to an overall excitation energy of 63 827.06(14) cm −1 located about 125 cm −1 above the ionization limit. The resonance is shown in figure 15 . The broad Lorentzian line shape of this autoionizing structure (154 GHz) indicates a strong coupling of the state to the continuum. A photoion current of approximately 30 nA was obtained, which was considerably higher than the maximum current of about 20 nA obtained via Rydberg levels. We conclude that contrary to the case of Ni, the multi-step resonance ionization in Ge is most easily and efficiently performed through this autoionizing state.
Conclusion and outlook
Together with [9] , this work completes the description of a first experiment directed towards the development of a laser ion source for future rare isotope facilities at ORNL. Efficient ionization schemes for the elements Ni and Ge were established and investigated spectroscopically. Special attention was given to the ionizing step. Rydberg states and autoionizing states were considered for both the elements. Only for Ge an autoionizing level with reasonable resonance enhancement could be observed. Rydberg series were recorded for both the elements and quantum-defects as well as precise ionization potentials were calculated. Individual series was identified and principal quantum numbers could be assigned to each resonance and confirmed by interrelation to known low-lying levels. In the case of Ni, spectroscopic studies to search for a strong autoionizing resonance suitable for Ti:sapphire laser systems will be carried out in the near future.
